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Abstract: Systematic studies of charge-dependent two- and three-particle correlations

in Pb-Pb collisions at
√
sNN = 2.76 and 5.02 TeV used to probe the Chiral Magnetic

Effect (CME) are presented. These measurements are performed for charged particles

in the pseudorapidity (η) and transverse momentum (pT) ranges |η| < 0.8 and 0.2 <

pT < 5 GeV/c. A significant charge-dependent signal that becomes more pronounced

for peripheral collisions is reported for the CME-sensitive correlators γ1,1 = 〈cos(ϕα +

ϕβ − 2Ψ2)〉 and γ1,−3 = 〈cos(ϕα − 3ϕβ + 2Ψ2)〉. The results are used to estimate the

contribution of background effects, associated with local charge conservation coupled to

anisotropic flow modulations, to measurements of the CME. A blast-wave parametrisation

that incorporates local charge conservation tuned to reproduce the centrality dependent

background effects is not able to fully describe the measured γ1,1. Finally, the charge and

centrality dependence of mixed-harmonics three-particle correlations, of the form γ1,2 =

〈cos(ϕα+2ϕβ−3Ψ3)〉, which are insensitive to the CME signal, verify again that background

contributions dominate the measurement of γ1,1.
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1 Introduction

Heavy-ion collisions at ultra-relativistic energies are used to study the phase transition

from a deconfined Quark-Gluon Plasma (QGP) state [1–3] to ordinary nuclear matter. The

transition is expected to occur at high values of temperature and energy density, which is

also supported by quantum chromodynamics (QCD) calculations on the lattice [4, 5]. The

main aim of the heavy-ion program at the Large Hadron Collider (LHC) is to study the

QGP properties, such as the equation of state, the speed of sound in the medium and the

value of the ratio of shear viscosity to entropy density (η/s).

It was soon realised that heavy-ion collisions also allow for studies of novel QCD

phenomena associated with parity (P) violation effects in strong interactions [6, 7]. These

effects are catalysed by the presence of a strong magnetic field that develops in the early

stages of heavy-ion collisions. This field is created by the motion of the charged nucleons of

the incoming ions in a non-central collision, i.e. a collision with a large impact parameter,

defined as the distance between the centers of the two colliding nuclei in the transverse

plane. The magnitude of this field can reach values of 1018 Gauss [8], making it the strongest

magnetic field created by any experiment on earth. The direction of the magnetic field is

along the system’s angular momentum and perpendicular to the reaction plane. The latter

is the plane defined by the impact parameter vector and the beam direction.
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The potential to observe parity violation in the strong interaction using ultra-

relativistic heavy-ion collisions has first been discussed in refs. [9–11] and was further

reviewed in refs. [12, 13]. In QCD, this symmetry violation originates from the possibility

that the QGP can carry net chirality [14–16], characterised by a non-zero value of the

axial chemical potential µ5, i.e. reflecting the imbalance between left– and right-handed

fermions in the system. Depending on the sign of µ5 the QGP will have an excess of ei-

ther left– (µ5 < 0) or right-handed (µ5 > 0) (anti-)quarks. In the presence of the strong

magnetic field, the spins of (anti-)quarks tend to align along the direction of the field, cre-

ating a spin polarisation effect. This in turn leads to the development of a vector current

along the direction of the magnetic field and the creation of an electric dipole moment of

QCD matter. The experimental search for these effects has intensified lately, following the

realisation that the subsequent creation of charged hadrons results in an experimentally

accessible charge separation along the direction of this magnetic field, and perpendicular to

the reaction plane. This phenomenon is called the Chiral Magnetic Effect (CME) and its

existence was recently reported in semimetals like zirconium pentatelluride (ZrTe5) [17].

The resulting charge separation can be identified by studying the P-odd sine terms in

the Fourier decomposition of the particle azimuthal distribution [18] according to

dN

dϕα
∼ 1 + 2

∑
n

[vn,α cos(n∆ϕα) + an,α sin(n∆ϕα)] , (1.1)

where ∆ϕα = ϕα−ΨRP is the azimuthal angle ϕα of the particle of type α (either positively

or negatively charged particles) relative to the reaction plane angle ΨRP. The coefficient

vn,α is the n-th order Fourier harmonic, averaged over all events, and characterises the

anisotropies in momentum space. The reaction plane is not an experimental observable

but can be approximated by the second-order symmetry plane, Ψ2, determined by the

direction of the beam and the axis of the maximal particle density in the elliptic azimuthal

anisotropy. This symmetry plane and more generally the plane angles of different order Ψn,

estimated in each event, are introduced to account for the event-by-event fluctuations in

the initial energy density of a heavy-ion collision [19–23]. In case of a smooth distribution

of matter produced in the overlap zone, the angle Ψ2 coincides with that of the reaction

plane, i.e. Ψ2 = ΨRP. The leading order P-odd coefficient a1,α reflects the magnitude of

the effects from local parity violation, while higher orders (an,α for n > 1) describe the

specific shape in azimuth. However, the chiral imbalance that leads to the creation of the

CME changes from event to event and the event average 〈a1,α〉 will be consistent with zero.

Consequently, the effect can be detected only by correlation studies.

In ref. [24], it was suggested that a suitable way to probe the CME is via a two-

particle correlation technique relative to the second-order symmetry plane of the form

〈cos(ϕα + ϕβ − 2Ψ2)〉, where the brackets indicate an average over all events. Here, α and

β denote particles with the same or opposite electric charge. The advantage of using this

expression is that it probes correlations between two leading order P-odd coefficients a1,α
and a1,β which do not trivially average to 0 over all events (see section 3 for the discussion).

In addition, the observable is constructed as the difference between correlations in- and out-

of plane which is expected to significantly suppress parity-conserving background effects. In
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order to independently evaluate the contributions from correlations in- and out-of plane one

measures at the same time a two-particle correlator of the form 〈cos(ϕα − ϕβ)〉. Section 3

contains a detailed discussion about all these correlators.

Experimental results for charged particles in both Pb-Pb collisions at
√
sNN = 2.76 TeV

at the LHC [25] and in Au-Au collisions up to
√
sNN = 0.2 TeV at the Relativistic Heavy-

Ion Collider (RHIC) [26–30] are consistent with the expectation for a charge separation

relative to the reaction plane due to the existence of parity violating effects. However,

these measurements could be dominated by background effects whose sources have not

been fully quantified yet. One of the first attempts to provide a quantitative estimate of the

background in the measurement of the CME sensitive correlator (i.e. 〈cos(ϕα+ϕβ−2Ψ2)〉)
identified the sources as originating from local charge conservation coupled to the elliptic

flow modulation quantified by v2 [31, 32]. Therefore, the challenge is to define a way to

constrain and quantify the background, while in parallel isolating the signal that comes

from the CME.

A first step in this direction was taken by the ALICE Collaboration [33] using a method

proposed and developed in ref. [34]. This method, called Event Shape Engineering (ESE),

utilises the fluctuations of the initial geometry and selects events with different initial

system shapes, e.g. central Pb-Pb collisions with large initial anisotropy. This study set

an upper limit of 26-33% at 95% confidence level for the CME signal contribution to the

〈cos(ϕα + ϕβ − 2Ψ2)〉) correlator in the 10–50% centrality interval. The CMS [35] and

the STAR [36] collaborations studied charge-dependent correlations in p-Pb collisions at
√
sNN = 5.02 TeV and in p-Au and d-Au collisions at

√
sNN = 0.2 TeV, respectively. In

these colliding systems, one expects the CME contribution to any charge-dependent signal

to be small and the results can thus be used to gauge the magnitude of the background

in heavy-ion collisions. Both results illustrate that these correlations are similar to those

measured in heavy-ion collisions. First results using ESE have been reported by the CMS

Collaboration in ref. [37], which set upper limits on the CME fraction of the three-particle

correlator to be 13% and 7% (at 95% confidence level) for p-Pb and Pb-Pb collisions.

In this article we report results on two-particle correlations of different orders as well

as various two-particle correlations relative to the second, third and fourth-order symme-

try planes for charged particles in Pb-Pb collisions at
√
sNN = 2.76 and 5.02 TeV. The

motivation for utilising different planes is that the charge separation originating from the

CME is expected to be present along the direction of the magnetic field and thus per-

pendicular to the reaction plane, approximated by Ψ2. Since the third order symmetry

plane Ψ3 is very weakly correlated with Ψ2 [38] the charge separation effect relative to

the third harmonic symmetry plane is expected to be negligible. First results on corre-

lations relative to Ψ3 reported by the CMS collaboration in ref. [37] indicates that the

charge separation could be originating from the coupling of two-particle correlations with

the anisotropic flow. In addition, contributions from correlations induced by the CME

should be strongly suppressed in the measurements of two-particle correlations relative to

Ψ4, while the background effects stemming from local charge conservation should scale

with v4 [39]. Therefore, measurements of correlations relative to higher order symmetry

planes are expected to reflect mainly, if not solely, background effects.
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The article is organised as follows: section 2 describes briefly the experimental setup,

while section 3 discusses the data sample, the selection criteria as well as the correlators

reported; these sections are followed by section 4 and section 5 where the estimation of the

systematic uncertainties of all measurements and the main physics results, respectively, are

presented. We conclude in section 6 with a summary.

2 Experimental setup

By convention in ALICE, the beam direction defines the z-axis, the x-axis is horizontal and

points towards the centre of the LHC, and the y-axis is vertical and points upwards. The

apparatus consists of a set of detectors located in the central barrel, positioned inside a

solenoidal magnet which can generate a field parallel to the beam direction with maximum

magnitude of 0.5 T. A set of forward detectors completes the experimental setup.

The main tracking devices of ALICE are the Inner Tracking System (ITS) [40] and the

Time Projection Chamber (TPC) [41]. The ITS consists of six cylindrical layers of silicon

detectors employing three different technologies. The two innermost layers, positioned at

r = 3.9 cm and 7.6 cm, are Silicon Pixel Detectors (SPD), followed by two layers of Silicon

Drift Detectors (SDD) (r = 15 cm and 23.9 cm). Finally, the two outermost layers are

double-sided Silicon Strip Detectors (SSD) at r = 38 cm and 43 cm. The TPC surrounds

the ITS and provides full azimuthal coverage. The combined pseudorapidity (η) coverage

of the ITS and the TPC is −0.9 < η < 0.9.

A set of forward detectors, the V0 scintillator arrays [42], were used in the trigger

logic and for the determination of the collision centrality, discussed in the next section.

The V0 consists of two sub-systems, the V0A and the V0C, that are positioned on either

side of the interaction point and cover the pseudorapidity ranges of 2.8 < η < 5.1 and

−3.7 < η < −1.7, respectively. Finally the Zero Degree Calorimeters (ZDC) [40] positioned

at both positive and negative rapidity at around 114 m away from the interaction point

were also used offline to reduce the contamination from beam-induced background.

A detailed description of ALICE and its sub-detectors can be found in ref. [40] and

their performance in ref. [43].

3 Analysis details

3.1 Event and track selection

The analysis is performed using the Pb-Pb data samples collected in 2010 and 2015 at a

centre-of-mass energy per nucleon pair of
√
sNN = 2.76 and 5.02 TeV, respectively. The

minimum bias trigger condition is defined in the 2010 data sample by combinations of hits

in the SPD and either V0A or V0C detectors, while in 2015 the trigger required a signal

in both V0A and V0C detectors.

An offline event selection relying on the timing information from the V0 and the

neutron ZDC is used to reject beam-gas background and parasitic beam-beam interac-

tions. Events are analysed if the z-coordinate of the reconstructed primary vertex (Vz)

resides within ±10 cm from the nominal interaction point. The collision centrality is es-

timated from the amplitude of the signal measured by the V0 detectors as explained in
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ref. [44]. Higher amplitude, and hence higher particle multiplicity, corresponds to more cen-

tral (smaller impact parameter) events. The data sample is divided into centrality classes

which span 0–70% of the inelastic hadronic cross section, which is considered in this study.

The 0–5% and 60–70% intervals correspond to the most central and the most peripheral

collisions, respectively.

Charged particles reconstructed using the TPC and the ITS information are accepted

for analysis within η and pT ranges of |η| < 0.8 and 0.2 < pT < 5 GeV/c, respectively.

The tracking algorithm, based on the Kalman filter [45, 46], starts from a collection of

space points (referred to as clusters) inside the TPC, and provides the quality of the fit by

calculating its χ2 value. The track parameters at the primary vertex are then updated using

the combined information from both the TPC and the ITS detectors. Tracks are accepted

even if the algorithm is unable to match the track reconstructed in the TPC with associated

SPD clusters (e.g. due to inefficiencies caused by dead channels in the SPD layers). In this

case, a cluster from another layer of the ITS (e.g. SDD) is used to reconstruct the tracks.

This tracking mode will be referred to as hybrid tracking in the rest of the text and is

used as the default in this analysis since it provides a uniform distribution in azimuthal

angle (ϕ). More details about the tracking parameters and performance are described

elsewhere [40, 43]. Accepted tracks are required to have at least 70 out of 159 possible

space points measured in the TPC and a χ2 per degree of freedom of the momentum

fit per TPC cluster to be below 2. These selections reduce the contribution from short

tracks, which are unlikely to originate from the primary vertex. To further reduce the

contamination by secondary tracks from weak decays or from the interaction with the

material, only tracks within a maximum distance of closest approach (DCA) to primary

vertex in both the transverse plane (DCAxy < 2.4 cm) and the longitudinal direction

(DCAz < 3.2 cm) were considered. Moreover, if matched to ITS clusters, the tracks are

required to have at least one cluster in either of the two SPD layers. These selections lead to

an efficiency of about 65% for primary tracks at pT = 0.5 GeV/c, which reaches 80% above

1 GeV/c. The variation of these values between central and peripheral collisions is less than

3%, and does not change between
√

sNN = 2.76 and 5.02 TeV. The contamination from

secondaries is about 10% at pT = 0.2 GeV/c, reaches 5% at pT = 1 GeV/c and decreases

further with increasing transverse momentum.

3.2 Analysis methodology

A way to probe the P-odd leading order coefficient a1,α that reflects the magnitude of

the CME is through the study of charge-dependent two-particle correlations relative to the

reaction plane ΨRP. The expression proposed in ref. [24] is of the form 〈cos(ϕα+ϕβ−2ΨRP)〉
(α and β being particles with the same or opposite charges) that can probe correlations

between the leading P-odd terms for different charge combinations 〈a1,αa1,β〉. This can be

seen if one decomposes the correlator using eq. (1.1)

〈cos(ϕα + ϕβ − 2ΨRP)〉 = 〈cos
[
(ϕα −ΨRP) + (ϕβ −ΨRP)

]
〉

= 〈cos(∆ϕα + ∆ϕβ)〉
= 〈cos ∆ϕα cos ∆ϕβ〉 − 〈sin ∆ϕα sin ∆ϕβ〉
= 〈v1,αv1,β〉+ Bin − 〈a1,αa1,β〉 − Bout, (3.1)
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where Bin and Bout represent the parity-conserving correlations projected onto the in- and

out-of-plane directions. The terms 〈cos ∆ϕα cos ∆ϕβ〉 and 〈sin ∆ϕα sin ∆ϕβ〉 in eq. (3.1)

quantify the correlations with respect to the in- and out-of-plane directions, respectively.

The term 〈v1,αv1,β〉, i.e. the product of the first order Fourier harmonics or directed flow, is

expected to have negligible charge dependence in the midrapidity region [47]. In addition,

for a symmetric collision system the average directed flow at midrapidity is zero. A gener-

alised form of eq. (3.1) also describing higher harmonics is given by the mixed-harmonics

correlations, which reads

γm,n = 〈cos(mϕα + nϕβ − (m + n)Ψ|m+n|)〉, (3.2)

where m and n are integers. Setting m = 1 and n = 1 (i.e. γ1,1) leads to eq. (3.1).

The |m + n|-th order symmetry plane angle Ψ|m+n| is introduced to take into account

that the overlap region of the colliding nuclei exhibits an irregular shape [19–23]. This

originates from the initial density profile of nucleons participating in the collision, which

is not isotropic and differs from one event to the other. In case of a smooth distribution of

matter produced in the overlap zone, the angle Ψ|m+n| coincides with that of the reaction

plane, i.e. Ψ|m+n| = ΨRP.

In order to independently evaluate the contributions from correlations in- and out-of-

plane, one can also measure a two-particle correlator of the form

〈cos(ϕα − ϕβ)〉 = 〈cos
[
(ϕα −ΨRP)− (ϕβ −ΨRP)

]
〉

= 〈cos(∆ϕα −∆ϕβ)〉
= 〈cos ∆ϕα cos ∆ϕβ〉+ 〈sin ∆ϕα sin ∆ϕβ〉
= 〈v1,αv1,β〉+ Bin + 〈a1,αa1,β〉+ Bout, (3.3)

which corresponds to the special case of m = −n in eq. (3.2). This provides access to the

two-particle correlations without any dependence on the symmetry plane angle

δm = 〈cos[m(ϕα − ϕβ)]〉. (3.4)

This correlator, owing to its construction, is affected if not dominated by non-flow contri-

butions. Charge-dependent results for δ1, together with the relevant measurements of γ1,1
were first reported in ref. [25] and made it possible to separately quantify the magnitude

of correlations in- and out-of-plane.

In this article, we report on the charge-dependent results of four correlators of the

form of eq. (3.2). The first two, γ1,1 and γ1,−3, probe correlations of particles relative to

the second order symmetry plane (Ψ2). The correlator γ1,1 (i.e. the main correlator used

in previous studies) probes correlations of the first order P-odd term, i.e. 〈a1,αa1,β〉 as

illustrated in eq. (3.1), while the second is sensitive not only to the first but also the third

order coefficient, i.e. 〈a1,αa3,β〉 and thus is sensitive to the magnitude and the shape of the

CME contribution. However, in both cases the background contributions from local charge

conservation are expected to be significant (see refs. [31, 32] and the references therein).

In order to evaluate the background, correlations relative to the third and fourth order

symmetry planes i.e., γ1,2 and γ2,2, are investigated. Since the charge-separation effects

– 6 –
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originating from the CME form relative to the second order symmetry plane, both corre-

lators are expected to have negligible contribution from it. Their charge-dependent part

could thus be used as a proxy for the background that consists of local charge conservation

scaled by the corresponding flow harmonics according to ref. [48]

γ1,1 ≈ 〈cos[(ϕα − ϕβ) + 2(ϕβ −Ψ2)]〉 ∝ δ1v2, (3.5a)

γ1,2 ≈ 〈cos[(ϕα − ϕβ) + 3(ϕβ −Ψ3)]〉 ∝ δ1v3, (3.5b)

γ2,2 ≈ 〈cos[2(ϕα − ϕβ) + 4(ϕβ −Ψ4)]〉 ∝ δ2v4. (3.5c)

By taking the difference of results between opposite- and same-sign charge combi-

nations, denoted as ∆γmn in the most general form of the correlator, one can eliminate

the charge-independent part and probe the contribution from local charge conservation

modulated by the relevant flow harmonic

∆γ1,1 ≈ κ2v2∆δ1, (3.6a)

∆γ1,2 ≈ κ3v3∆δ1, (3.6b)

∆γ2,2 ≈ κ4v4∆δ2, (3.6c)

where κn is a proportionality constant. Using eqs. (3.6), one can thus estimate the con-

tribution of the background in the charge-dependent CME sensitive correlator ∆γ1,1 using

the results of e.g. ∆γ1,2 according to

∆γBkg
1,1 ≈ ∆γ1,2 ×

v2
v3

κ2
κ3
. (3.7)

Equation (3.7) serves as a tool to disentangle the CME contribution from the back-

ground, provided the parameter κ2/κ3 is estimated. In ref. [35] it was argued that the

magnitude of these κn terms depends on the kinematic ranges (e.g. detector acceptance,

event and particle selection criteria). Although κn may have dependency on pT and η, we

have ignored such dependency and assumed a constant magnitude of the ratio κ2/κ3 for the

full kinematic range. In ref. [35], it was suggested that one can assume that κ2 ≈ κ3 if the

same kinematic conditions are used to calculate ∆γm,n within the same experimental setup.

In this article, we also investigate the relationship between κ2 and κ3 using two approaches:

a blast wave [49] inspired model that incorporates effects of local charge conservation and

the results of A Multi Phase Transport model (AMPT) [50–52], both discussed in detail in

the Results section.

3.2.1 The event-plane method

To evaluate the correlations experimentally, the event-plane method [53, 54] is used. In

this method, the event plane angle is reconstructed from the azimuthal distribution of the

particles produced in a collision. The event plane angle of k-th order (where k = |m− n|)
Ψk,EP is estimated according to

Ψk,EP = tan−1
Qk,y

Qk,x
, (3.8)

– 7 –
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where Qk,x and Qk,y are the x- and y-components of the Q-vector, calculated as

Qk,x =
M∑
i=1

wi(pT, η, ϕ, Vz) cos(kϕi), and Qk,y =
M∑
i=1

wi(pT, η, ϕ, Vz) sin(kϕi). (3.9)

In eq. (3.9), ϕi corresponds to the azimuthal angle of the i-th track in an event with

multiplicity M . The factors wi(pT, η, ϕ, Vz) are weights applied on every track in the con-

struction of the Q-vectors, in order to correct for non-uniform reconstruction efficiency and

acceptance. They are calculated as a function of the transverse momentum, pseudorapidity

and azimuthal angle of particles for different Vz values of the primary vertex.

To reduce the contributions from short range effects not related to the common sym-

metry planes (i.e. non-flow), a subevent plane technique [53, 54] is implemented. Each

event is divided into two subevents “A” and “B”, covering the ranges −0.8 < η < 0 and

0 < η < 0.8, respectively, and the two subevent plane angles, namely Ψk,A and Ψk,B are

calculated using charged particles. The correlators of eq. (3.2) are then calculated as

γmn =
〈cos[mϕα + nϕβ − (m + n)Ψ|m+n|,EP]〉

R(Ψ|m+n|,EP)
, (3.10)

where α and β correspond to any two charged particles within −0.8 < η < 0.8, and

Ψ|m+n|,EP corresponds to subevent plane Ψk,A (or Ψk,B for systematic studies). Particles

α or β (or both) were excluded from the determination of event plane if they were from

the same η window as the one used to calculate Ψk,A or Ψk,B.

The event plane resolution R(Ψ|m+n|,EP) is given by

R(Ψ|m+n|,EP) =
√

cos[|m + n|(Ψ|m+n|,A −Ψ|m+n|,B)]. (3.11)

The amount of non-flow correlations in the results of both same- (SS) and opposite-sign

(OS) charge combinations could also depend on the longitudinal position of the detec-

tor used for the estimation of Ψk. However, it was checked that the charge-dependent

differences, i.e. OS-SS are not affected by this choice as these non-flow contributions (ap-

proximately) cancel out in the subtraction.

4 Systematic uncertainties

The systematic uncertainties in all measurements presented in this article were estimated

by varying the event and track selection criteria as well as by studying the detector effects

with Monte Carlo (MC) simulations. The contributions from different sources, described

below, were extracted from the difference for the results of each correlator obtained with

the primary selection criteria and the ones after the relevant variation was applied. All

sources with a difference between the results larger than 1σ were then added in quadrature

to form the final value of the systematic uncertainty (for each data point), where σ is the

uncertainty of the difference between the default results and the ones obtained from the

variation of the selection criteria, taking into account the degree of their correlation [55].
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(No.) Source Default Value Variations

(1) Primary Vz ±10 cm ±8 cm

(2) Centrality Estimator V0 amplitude SPD cluster

(3) Magnetic field polarity Combined Positive, Negative

(4) Event plane Ψk,−0.8<η<0 Ψk,0<η<0.8

(5) Residual Pile-Up High Intensity data Low Intensity data

(6) TPC space points 70 100

(7) DCAxy (DCAz) 2.4 (3.2) cm 2.0 (2.0) cm

(8) Tracking Algorithm Hybrid Global

(9) Charge Combination “ + +′′ and “−−” combined “ + +” or “−−”

Table 1. List of the selection criteria and the corresponding variations used for the estimation of

the systematic uncertainties.

Table 1 summarises the sources and the variations that were tested. In particular,

the systematic uncertainty originating from the selection of the z position of the primary

vertex was investigated by changing this selection from ±10 cm down to ±8 cm. In order

to estimate the contribution to the results from the choice of the detector used as centrality

estimator, the analysis was performed using the number of hits in the second layer of the

SPD instead of the amplitude of the V0 detector. Furthermore, data samples recorded with

different magnetic field configurations for the solenoid magnet were analysed separately.

The contribution of residual pile-up events to the results was estimated by analysing in-

dependently the high and low interaction rate samples. Finally, the results were obtained

separately by calculating the event plane from different pseudorapidity ranges within the

TPC acceptance. The systematic uncertainty in the extraction of the CME fraction when

using different event plane angles within the TPC acceptance for the highest LHC en-

ergy was estimated considering runs with low beam intensity where the distortions in the

TPC are negligible.

In parallel, to investigate any potential bias originating from the quality of the tracks

used in the analysis, the number of space points measured in the TPC was varied from 70

(default) up to 100 out of 159 maximum points that a track can have. The contribution

stemming from secondary tracks, either from weak decays or from the interaction of par-

ticles with the detector material, was investigated by tightening the selection on the DCA

in the longitudinal direction as well as in the transverse plane. Finally, another tracking

mode that relies on the combination of the TPC and the ITS detectors, henceforth called

global tracking, with tighter selection criteria in addition to requirements for clusters in

the SPD or the SDD detectors was used. In this case, a stricter transverse momentum

dependent requirement in the value of the DCA in the transverse plane resulted in re-

ducing even further the amount of secondary particles in the track sample. The resulting

contamination from secondaries is less than 2–3% for the entire pT range.

For each variation, new correction maps for detector inefficiencies and non-uniform

acceptance were extracted using MC data samples and collision data.

– 9 –



J
H
E
P
0
9
(
2
0
2
0
)
1
6
0

Sources

γ1,1 (×10−5) γ1,2 (×10−5) γ1,−3 (×10−5) γ2,2 (×10−5)

SS OS OS-SS SS OS OS-SS SS OS OS-SS SS OS OS-SS

(1) 0.26 1.4 0.027 1.1 0.12 1.9 0.13 0.15 0.095 0.035 0.1 0.02

(2) 2.5 6.1 6 4.5 9.9 1.8 4.2 3.2 1.2 8.6 8.6 0.27

(3) 0.86 0.65 0.1 0.83 0.84 0.024 0.34 0.54 0.04 1.4 0.98 0.36

(4) 1.62 1.81 1.6 1.7 1.83 4.51 0.86 0.64 0.15 1.78 2.1 6.8

(5) 4.0 3.9 0.58 7.2 3.9 3.6 0.73 0.83 0.2 4.4 4.0 11

(6) 0.1 0.89 0.065 1.1 1.4 1.3 0.21 0.22 0.032 4.1 3.9 0.12

(7) 0.011 0.032 0.001 0.05 0.06 2.1 0.008 0.024 0.025 0.017 0.28 0.03

(8) 0.045 0.049 0.16 0.67 1.3 0.08 0.07 0.06 0.17 5.7 0.17 0.1

(9) 0.55 — 0.55 0.26 — 0.26 0.23 — 0.23 21 — 21

Table 2. Maximum systematic uncertainty (absolute value) over all centrality intervals on γmn

from individual sources (see table 1 for an explanation of each source). The ranges are similar for

both energies.

Tables 2 and 3 summarise the maximum magnitude, over all centrality intervals, of

the systematic uncertainties from each individual source for all correlators presented in

this article. The uncertainties are reported separately for the results for same-sign (SS),

opposite-sign (OS) and the difference between opposite- and same-sign (OS-SS) pairs. The

uncertainties for the results of the various γm,n are reported without the common factor

of ×10−5.

Throughout the centrality intervals reported in this article, the magnitude of γ1,1
correlator varies between −2.4 to −40 for SS pair, −1.2 to 29 for OS pair and 1.2 to 68

for OS-SS. The values of γ1,−3 vary between −2.1 to 38 for SS pair, −0.67 to 68 for OS

pair and 1.4 to 30 for OS-SS. The magnitude of γ1,2 covers the range between −2.5 to 140

for SS pair, −1.7 to 180 for OS pair and 0.71 to 3.7 for OS-SS. Finally, the results for γ2,2
vary between 0.01 to 14.7 for SS and OS pair while being between 0.25 and 19 for OS-SS.

The two-particle correlators of the form δm are an order of magnitude larger than

the three-particle correlators. Therefore, the values mentioned in the following have an

exponent of ×10−4. The magnitude of δ1 varies between 2.9 to 23.5 for SS pair, 5.6 to 49

for OS pair and 2.7 to 26.2 for OS-SS. The values of δ2 spans the range between 8.2 to 97

for SS pair, 9.5 to 102 for OS pair and 1.31 to 5.2 for OS-SS. The magnitude of δ3 varies

between 4.5 to 16 for SS pair, 4.8 to 15 for OS pair and −1.3 to 0.79 for OS-SS. Finally,

the results for δ4 varies between 1.58 to 9.4 for SS pair, 1.6 to 6.8 for OS pair and −2.5 to

0.78 for OS-SS.

5 Results

The measurements of two-particle correlators (eq. (3.4)) are presented in figure 1. Each

data point on this figure and in the rest of the article is drawn with the relevant statistical

(vertical lines) and systematic uncertainties (shaded boxes).The plots in the left panel of

figure 1 present the centrality dependence of δm for m = 1, 2, 3 and 4 for opposite (OS)

and same (SS) sign pairs. The charge-dependent differences of every correlator, denoted
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Sources

δ1 (×10−4) δ2 (×10−4) δ3 (×10−4) δ4 (×10−4)

SS OS OS-SS SS OS OS-SS SS OS OS-SS SS OS OS-SS

(1) 1.7 1.8 0.01 0.12 0.13 0.03 0.08 0.11 0.03 0.06 0.05 0.01

(2) 2.0 3.6 1.6 0.65 0.66 0.019 0.5 0.11 0.34 0.43 0.17 0.27

(3) 0.86 1.0 0.35 1.6 1.4 0.25 0.64 0.22 0.33 0.52 0.02 0.51

(5) 1.2 0.91 1.5 1.4 0.99 0.029 0.89 0.38 0.33 0.61 0.13 0.022

(6) 0.014 2.2 1.4 5.5 5.5 1.1 0.26 1.1 1.1 0.94 2.2 0.12

(7) 0.056 0.15 0.01 0.08 0.14 0.01 0.05 0.02 0.02 0.14 0.02 0.07

(8) 2.5 1.8 0.74 0.92 0.29 1.2 1.2 0.53 1.8 0.68 0.67 1.4

(9) 2.6 — 2.6 1.6 — 1.6 1.7 — 1.7 0.37 — 0.37

Table 3. Maximum systematic uncertainty (absolute value) over all centrality intervals on δm
from individual sources (see table 1 for an explanation of each source). The ranges are similar for

both energies.

by ∆δ1, ∆δ2, ∆δ3, and ∆δ4 as a function of collision centrality are presented in the right

panel of figure 1. These charge-dependent two-particle correlators (eq. (3.4)) are primarily

dominated by background effects (see discussion in section 3) and can thus be used to

constrain the background in the CME sensitive correlator γ1,1. The first harmonic corre-

lator, δ1, exhibits a significant charge-dependent difference. This correlator is related to

the balance function also studied at the LHC [56, 57]. The present results are qualitatively

consistent with the ones in refs. [56] and [57], i.e. oppositely charged particles are more

tightly correlated in central events resulting in a narrowing of the balance function width

in ∆ϕ and thus in a smaller value of δ1 for central events compared to peripheral Pb-Pb

collisions. For higher harmonics, the charge-dependent differences become progressively

smaller and are compatible with zero (up to centrality ≤ 60%) with a hint of negative ∆δ4
for the most peripheral events.

The two-particle correlators were also studied in a more differential way, namely as a

function of the transverse momentum difference ∆pT = |pT,α−pT,β |, the average transverse

momentum pT = (pT,α + pT,β)/2 and the pseudorapidity difference ∆η = |ηα − ηβ | of

the pair.

The dependence of δ1, δ2, δ3 and δ4 on these variables for one indicative centrality

interval (30–40%) is shown in figure 2 for Pb-Pb collisions at
√
sNN = 5.02 TeV. For

the first harmonic correlator, δ1, the correlations between particles of opposite charges

have larger magnitude compared with the ones for same charge particles. The absolute

differences do not show any significant ∆pT dependence, however they do increase with

increasing pT of the pair. Finally, there is a significant charge-dependent difference of δ1,

which decreases with increasing ∆η, consistent with what is also reported in refs. [56, 57].

For higher harmonics, no significant difference is observed. For other centralities the results

look qualitatively similar.

The measurements of integrated two-particle correlators relative to various order sym-

metry planes (eq. (3.2)) in Pb-Pb collisions at
√
sNN = 5.02 TeV are presented in figure 3.
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Figure 1. (Left panel) The centrality dependence of δ1, δ2, δ3, and δ4 for pairs of particles of

opposite (OS) and same (SS) sign measured in Pb-Pb collisions at
√
sNN = 5.02 TeV. (Right panel)

The charge-dependent differences, ∆δn for n = 1, 2, 3 and 4, as a function of collision centrality.

The statistical uncertainties for some data points are smaller than the marker size. The systematic

uncertainties of each data point are represented by the shaded boxes.

The left panel presents the centrality dependence of γ1,1, γ1,−3, γ1,2 and γ2,2. Results for

different charge combinations, i.e. OS and SS pairs are also presented here. The right panel

of the same figure presents the centrality dependence of the charge-dependent differences,

i.e. OS-SS. A significant charge-dependent magnitude for γ1,1 is observed that increases

when moving to more peripheral collisions. In particular, the magnitude of the same-sign

correlations becomes progressively more negative, while correlations of oppositely charged

particles are very close to zero and their magnitude turns positive for peripheral Pb-Pb

events. A significant charge-dependent difference that increases for peripheral centrality

intervals is also observed for γ1,−3. Both correlators, as discussed in section 3, probe corre-

lations between either the first order P-odd term of the form 〈a1,αa1,β〉 or between the first

and the third order coefficient 〈a1,αa3,β〉. They are thus sensitive to contributions from

the CME.

– 12 –



J
H
E
P
0
9
(
2
0
2
0
)
1
6
0

0.5 1 1.5

0

1

2

3

4

3−
10×

1
δ

ALICE
OS
SS

0.5 1 1.5

 = 5.02 TeV
NN

sPb-Pb 

0.5 1 1.5

Centrality 30-40%

0.5 1 1.5

0

10

20

30
10×

2
δ

0.5 1 1.5 0.5 1 1.5

0.5 1 1.5

0

2

4

6

10×

3
δ

0.5 1 1.5 0.5 1 1.5

0.5 1 1.5

)c (GeV/
T

p∆

0

1

2

3
10×

4
δ

0.5 1 1.5

)c (GeV/
T

p

0.5 1 1.5

η∆

Figure 2. The dependence of δ1, δ2, δ3 and δ4 on the transverse momentum difference ∆pT =

|pT,α − pT,β | (left panel), the average transverse momentum pT = (pT,α + pT,β)/2 (middle panel)

and the pseudorapidity difference ∆η = |ηα − ηβ | (right panel) of the pair. The results for both

opposite (circles) and same sign (squares) particle pairs are reported for one indicative centrality

interval (30–40%) of Pb-Pb collisions at
√
sNN = 5.02 TeV.

The centrality dependence of γ1,2 for SS and OS pairs and their difference also demon-

strate a significant charge dependence which increases for more peripheral events. Corre-

lations of particles relative to the third order symmetry plane are expected to probe solely

the background scaled by the third order flow harmonic (v3) as expressed in eqs. (3.5).

Hence these results indicate that the effects of local charge conservation coupled with v3
can induce differences in correlations between different charges. Finally, correlations of par-

ticles with different charge relative to the fourth order symmetry plane, as quantified by

γ2,2, do not exhibit any significant charge dependence within the current level of statistical

and systematic uncertainties.

As in the case of the two-particle correlators, δm, also the γm,n were studied in a

differential way, namely as a function of ∆pT, pT and ∆η. The results are presented in
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Figure 3. Left panel: the centrality dependence of γ1,1, γ1,−3, γ1,2 and γ2,2 for pairs of particles

of opposite (OS) and same (SS) sign measured in Pb-Pb collisions at
√
sNN = 5.02 TeV. (Right

panel): the charge-dependent differences ∆γ1,1, ∆γ1,−3, ∆γ1,2 and ∆γ2,2 as a function of collision

centrality.

figure 4 for the same representative centrality interval as before (30–40%) for both OS and

SS. It is seen that, with the exception of γ2,2, the magnitude of correlations for OS pairs is

greater than the one of SS for nearly the full range of ∆pT, pT and ∆η presented in this

article. The results for OS and SS are compatible within the current level of statistical and

systematic uncertainties for γ2,2.

The correlations of particles with different charge for both γ1,1 and γ1,−3, i.e. the two

correlators that are sensitive to different orders of the CME, have a range that extends

up to one unit of ∆η. Both OS and SS correlations have a similar trend as a function

of ∆pT and ∆η, however they exhibit different behaviour as a function of pT. On the

other hand, the correlators that are solely sensitive to the background, i.e. γ1,2 and γ2,2,

exhibit an increasing trend as a function of both ∆pT and pT. This trend has a mild

charge dependence for γ1,2 that increases with increasing ∆pT and pT, but not for γ2,2.

Both γ1,2 and γ2,2 have a range that extends up to ∆η = 1.6 without any significant

dependence on ∆η.
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Figure 4. The dependence of γ1,1, γ1,−3, γ1,2 and γ2,2 on the transverse momentum difference

∆pT = |pT,α − pT,β | (left panel), the average transverse momentum pT = (pT,α + pT,β)/2 (middle

panel) and the pseudorapidity difference ∆η = |ηα − ηβ | (right panel) of the pair. The results

for both opposite and same sign particle pairs are reported for one indicative centrality interval

(30–40%) of Pb-Pb collisions at
√
sNN = 5.02 TeV.

Finally, the charge-dependent differences of the correlators γ1,1, γ1,2 and γ2,2 were also

studied in Pb-Pb collisions at
√
sNN = 2.76 TeV. The centrality dependence of ∆γ1,1,

∆γ1,2 and ∆γ2,2 is presented in figure 5 in comparison with the results obtained in Pb-Pb

collisions at
√
sNN = 5.02 TeV. None of the correlators exhibit any significant differences

between the two energies, within the current level of uncertainties. This could be explained

considering that there is no significant energy dependence in the effects that constitute

the background to these measurements (i.e. local charge conservation coupled to different

flow harmonic modulations). Preliminary studies indicate that the correlations between

balancing charges, as reflected in the width of the balance function, do not exhibit any

significant dependence on collision energy. The values of v2, v3 and v4 in
√
sNN = 5.02 TeV

are between 2 to 20% higher than the values at
√
sNN = 2.76 TeV [58]. However, the
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Figure 5. The dependence of ∆γ1,1, ∆γ1,2 and ∆γ2,2 on centrality, measured in Pb-Pb collisions at√
sNN = 2.76 and 5.02 TeV. The data points for

√
sNN = 5.02 TeV are shifted along the horizontal

axis for better visibility.

Centrality Tkin (MeV) ρ0 ρ2 Rx/Ry

0–5% 91.3 ± 3.5 1.26 ± 0.01 0.020 ± 0.001 0.956 ± 0.001

5–10% 87.0 ± 3.5 1.27 ± 0.01 0.032 ± 0.001 0.933 ± 0.002

10–20% 84.8 ± 4.9 1.25 ± 0.01 0.045 ± 0.003 0.905 ± 0.004

20–30% 87.4 ± 4.8 1.23 ± 0.01 0.059 ± 0.007 0.872 ± 0.005

30–40% 91.6 ± 3.8 1.20 ± 0.01 0.068 ± 0.003 0.844 ± 0.004

40–50% 95.1 ± 3.3 1.15 ± 0.01 0.070 ± 0.003 0.823 ± 0.004

50–60% 98.1 ± 3.2 1.09 ± 0.01 0.065 ± 0.002 0.807 ± 0.004

60–70% 108.0 ± 3.2 0.99 ± 0.01 0.056 ± 0.002 0.786 ± 0.006

Table 4. List of the Blast-wave fit parameters.

corresponding change in the background contribution to the γm,n correlator is of the order

of a few percent, which is not distinguishable within the current level of uncertainties.

5.1 Constraining the CME contribution

5.1.1 Describing the background with Blast-wave inspired LCC model

As a first approach to constraining the CME contribution, a blast-wave (BW) parametri-

sation [49] that describes the phase space density at kinetic freeze-out, is used. This model

assumes that the radial expansion velocity is proportional to the distance from the cen-

tre of the system and takes into account resonance production and decays. Local charge

conservation (LCC) is additionally incorporated in this model by generating ensembles

of particles with zero net charge. The position of the sources of balancing charges are

then uniformly distributed within an ellipse. From now on this model will be denoted as

BW-LCC in the text.

Each particle of an ensemble is emitted by a fluid element with a common collec-

tive velocity following the single-particle BW parametrisation. The procedure starts from

obtaining BW parameters by fitting the pT spectra [59] and the pT-differential v2 val-

ues [60] for charged pions, kaons, and protons (antiprotons) measured in Pb-Pb collisions
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Figure 6. (Left) The centrality dependence of ∆δ1 measured in Pb-Pb collisions at
√
sNN =

5.02 TeV. The curve (denoted as BW-LCC) presents the blast-wave parametrization coupled to

local charge conservation effects. The model is tuned to reproduce the measured values of ∆δ1
(see text for details). (Right) The comparison of the centrality dependence of the CME-sensitive

correlator ∆γ1,1 with expectations from the BW-LCC model.

at
√
sNN = 5.02 TeV. The fit ranges for pT spectra are 0.5 ≤ pT ≤ 1.0 GeV/c, 0.2≤ pT ≤

1.5 GeV/c and 0.2 ≤ pT ≤ 3.0 GeV/c for pions, kaons and protons, respectively. The fit

range for pT-differential v2 and v4 is 0.5 ≤ pT ≤ 1.2 GeV/c. Table 4 presents the resulting

BW parameters, namely the kinetic freezeout temperature (Tkin), radial flow (ρ0) and its

second order modulation (ρ2) as well as the spacial asymmetry (Rx/Ry). The next step

required tuning the number of sources of balancing pairs for each centrality interval to

reproduce the centrality dependence of ∆δ1, the correlator which is mainly sensitive to

background effects. This procedure is repeated for every centrality interval. The number

of sources varies from ∼2476 to 193 for the centrality intervals 0–5% to 60–70%. The left

panel of figure 6 presents the agreement achieved between the measured results and the ones

obtained from the model. Overall the model describes the measurement fairly well with

deviations limited to <1% for the whole centrality range. The tuned model is then used to

extract the expectation for the centrality dependence of the charge-dependent differences

of the CME sensitive correlator ∆γ1,1. The right panel of figure 6 shows the comparison

between the measured values of ∆γ1,1 and estimates from the model. The estimate of

∆γ1,1 from the model originates solely from the contribution of local charge conservation

effects coupled to elliptic flow modulations. The curve underestimates the measured data

points by as much as ≈ 39%, with the disagreement increasing progressively for more

peripheral events.

5.1.2 Describing the background with vn and γm,n

In the following, we attempt to constrain the background contribution to the CME sensitive

correlator γ1,1 and thus give an estimation of the fraction of the signal in Pb-Pb collisions.

The approach described in section 3.2 relies on the assumption that the coefficients κn have

similar magnitude, allowing one to calculate the background contribution to ∆γ1,1, denoted

as ∆γBkg
1,1 from ∆γ1,2 according to eq. (3.7). This assumption was tested using events

produced with the string melting tune of A Multi Phase Transport model (AMPT) [50–52].
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Figure 7. (Left panel) The centrality dependence of ∆γ1,1/v2 and ∆γ1,2/v3 for Pb-Pb collisions

at
√
sNN = 2.76 TeV according to the AMPT and BW-LCC model. (Right panel) The differences

between ∆γ1,1/v2 and ∆γ1,2/v3 in AMPT and BW-LCC, denoted as ∆(∆γ/vn). The solid and

dotted line is the result of a fit with a constant function to AMPT and BW-LCC result respectively.

In the string melting tune, the initial strings are melted into partons whose interactions are

described by a parton cascade model [61]. These partons are then combined into final-state

hadrons via a quark coalescence model. In this model, the final-state hadronic rescattering

is implemented including resonance decays as well. The input parameters αs = 0.33 and

a partonic cross section of 1.5 mb were used to reproduce the centrality dependence of v2
and v3 for charged particles, as reported in ref. [62], for Pb-Pb events at

√
sNN = 2.76 TeV.

About 40 million simulated Pb-Pb events were analysed, split into centrality based on

the values of the impact parameter. Only primary particles having the same kinematic

selections as in the experimental data (i.e. |η| < 0.8 and 0.2 < pT < 5 GeV/c) were

considered. The left panel of figure 7 presents the ratio of the charge-dependent differences

∆γ1,1 and ∆γ1,2 to the relevant harmonics v2 and v3, respectively. Similar ratios are also

shown from the BW-LCC model, which is discussed in the previous subsection. The two sets

of data points are compatible within uncertainties over the entire centrality range for both

AMPT and BW-LCC model. This is also illustrated in the right panel of figure 7, which

presents the centrality dependence of (∆γ1,1/v2)− (∆γ1,2/v3), denoted as ∆(∆γ/vn). The

corresponding data points from AMPT and BW-LCC are fitted with a constant function,

which yields a result compatible with zero within the uncertainties of the fit i.e., ∆(∆γ/vn)

= (9.4± 5.5)× 10−5 and (5.4± 14.8)× 10−5 respectively. This observation illustrates that

within these models one can assume κ2 ≈ κ3. Results presented in this article have been

also reproduced using the AMPT version reported in [63].

The same procedure was used with Pb-Pb data recorded at both LHC energies. Since

the results of γ2,2 do not give any significant charge-dependent difference as a function of

centrality within statistical and systematic uncertainties (see figure 3), only the values of

γ1,2 are used in the rest of the article to estimate the background.

Although, CME sensitive γ1,−3 correlator could have similar dependence on the back-

ground as γ1,1 (i.e., γ1,−3 ∝ δ1v2), we observe in figure 3 that their magnitude are not the

same. This difference, which is being investigated as part a of future publication, makes
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Figure 8. (Left panel) The CME fraction extracted in Pb-Pb collisions at
√
sNN = 2.76 TeV.

(Right panel) The CME fraction extracted in Pb-Pb collisions at
√
sNN = 5.02 TeV. The systematic

uncertainty is shown as hatched band at zero line around the centrality value of 60%. The solid

blue lines correspond to fit with a constant function to the data points. See text for details.

the γ1,−3 correlator ambiguous to extract the CME contribution at this stage. Therefore,

in the following we only use γ1,1 correlator to make quantitative measurement of CME.

The values of v2 and v3 used to scale the charge-dependent differences of γ1,1 and γ1,2,

are the ones measured by ALICE in Pb-Pb collisions reported in ref. [62] and ref. [58] for
√
sNN = 2.76 TeV and

√
sNN = 5.02 TeV, respectively. The value of v2 is estimated as the

average of v2{2} and v2{4} to reduce the biases due to fluctuations assuming a Gaussian

probability distribution [64]. Assuming κ2 ≈ κ3 as supported by the model study, the

value of ∆γ1,2 × v2/v3 was used according to eq. (3.7) as a proxy for the magnitude of the

background contribution to the measurement of ∆γ1,1, denoted as ∆γBkg
1,1 , for both LHC

energies. The CME fraction is then defined as

fCME = 1−
∆γBkg

1,1

∆γ1,1
, (5.1)

where ∆γ1,1 is the measured value of the correlator presented on the left panel of figure 5.

Figure 8 presents the centrality dependence of the CME fraction at
√
sNN = 2.76 TeV

(left plot) and
√
sNN = 5.02 TeV (right plot). The systematic uncertainties on fCME

have been estimated from the same sources as mentioned in section 4. In addition, the

contribution to the systematic uncertainty stemming from v2 was also estimated using

v2{2} in eq. (3.7) instead of the average of v2{2} and v2{4}. All individual sources are

then added in quadrature to get the total systematic uncertainty. We have excluded any

systematic variation in the assumption of κ2 ≈ κ3 for the reported values of fCME.

The total, centrality-independent systematic uncertainty is indicated by the shaded

box on the line at zero. It is seen that for both energies fCME is compatible with zero up

to centrality ≈ 40%. For more peripheral collisions, the value of fCME is negative. There

could be several possible reasons behind this observation. The event plane resolution starts

to decline for peripheral events giving rise to fluctuations in the measured observables. The

non-flow, the effect of which is negligible for ∆γm,n but significant for vn, can affect the

measurement for peripheral events. There is another possibility that the ratio of the pro-
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portionality constants, i.e, κ2/κ3 have a centrality dependence instead of being a constant.

Therefore the observation of negative fCME for peripheral events could be a convoluted

effect of all these underlying phenomena. However, within the scope of this analysis, we

have limited ourselves with constant behavior of κ2/κ3 as a function of centrality.

Finally, to estimate an upper limit on the contribution of the CME signal to the

measurement of γ1,1, the data points of fCME are fitted with a constant function up to the

40% centrality interval. The fit yields values −0.021 ± 0.045 and 0.003 ± 0.029 in Pb-Pb

collisions at
√
sNN = 2.76 and 5.02 TeV, respectively. These results are consistent with zero

CME fraction and correspond to upper limits on fCME of 15–18% (20–24%) at 95% (99.7%)

confidence level for the 0–40% centrality interval. The latter values are estimated assuming

Gaussian distributed uncertainties and taking into account that the CME fraction has a

lower bound of 0 (see figure 8).

6 Summary

In this article, we reported charge-dependent results for various two-particle correlators

as well as two-particle correlations relative to different order symmetry planes. These

measurements are extracted from the analysis of Pb-Pb collisions recorded by ALICE at
√
sNN = 2.76 and 5.02 TeV. These correlators exhibit different sensitivity to the signal

induced by the CME and to background effects, dominated by local charge conservations

coupled to anisotropic flow.

All two-particle correlations of the form δm for m = 1, 2, 3 and 4 are dominated by

background effects and exhibit a significant centrality dependence. Among them, only δ1
exhibits a notable charge-dependent difference, which does not change significantly as a

function of ∆pT, but increases with increasing pT and decreases with increasing ∆η of the

pair. For higher harmonics, on the other hand, the charge-dependent differences become

progressively smaller and are compatible with zero for δ3 and δ4.

The CME sensitive two-particle correlations relative to the second order symmetry

plane, γ1,1 and γ1,−3, exhibit a significant charge-dependent difference, which increases

towards peripheral centrality intervals. Results on particle correlations relative to the third

order symmetry plane, expressed by γ1,2, that probe background effects associated with

local charge conservation modulated by triangular flow (v3), also show a significant charge-

dependent difference, which increases for more peripheral events. Finally, correlations

between two particles relative to the fourth order symmetry plane, that also have the

potential to probe mainly background effects, show no significant difference for pairs with

same and opposite electric charges, however they are suffering from large statistical and

systematic uncertainties.

A blast wave parametrisation that incorporates local charge conservation tuned to

reproduce the components of the background, is not able to fully describe the magnitude

of the charge-dependent differences of the CME-sensitive correlator γ1,1. Finally, the results

of correlations relative to Ψ3 and Ψ4 that probe mainly, if not solely, the contribution of

the background clearly show that these background effects are the dominating factor to

the measurements of γ1,1.
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des Particules (IN2P3) and Centre National de la Recherche Scientifique (CNRS), France;

Bundesministerium für Bildung und Forschung (BMBF) and GSI Helmholtzzentrum für

Schwerionenforschung GmbH, Germany; General Secretariat for Research and Technol-

ogy, Ministry of Education, Research and Religions, Greece; National Research, Develop-

ment and Innovation Office, Hungary; Department of Atomic Energy Government of India

(DAE), Department of Science and Technology, Government of India (DST), University

Grants Commission, Government of India (UGC) and Council of Scientific and Industrial

Research (CSIR), India; Indonesian Institute of Science, Indonesia; Centro Fermi - Museo

Storico della Fisica e Centro Studi e Ricerche Enrico Fermi and Istituto Nazionale di Fisica

Nucleare (INFN), Italy; Institute for Innovative Science and Technology , Nagasaki Insti-

tute of Applied Science (IIST), Japanese Ministry of Education, Culture, Sports, Science

and Technology (MEXT) and Japan Society for the Promotion of Science (JSPS) KAK-

ENHI, Japan; Consejo Nacional de Ciencia (CONACYT) y Tecnoloǵıa, through Fondo
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F. Antinori57, P. Antonioli54, N. Apadula80, L. Aphecetche115, H. Appelshäuser68, S. Arcelli26,
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S. Aziz78, M.D. Azmi16, A. Badalà56, Y.W. Baek41, S. Bagnasco59, X. Bai107, R. Bailhache68,

R. Bala101, A. Balbino30, A. Baldisseri137, M. Ball43, S. Balouza105, D. Banerjee3, R. Barbera27,
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M. Weber114, S.G. Weber144, A. Wegrzynek34, S.C. Wenzel34, J.P. Wessels144, J. Wiechula68,

J. Wikne20, G. Wilk85, J. Wilkinson10,54, G.A. Willems144, E. Willsher111, B. Windelband104,

M. Winn137, W.E. Witt130, J.R. Wright119, Y. Wu128, R. Xu6, S. Yalcin77, Y. Yamaguchi46,

K. Yamakawa46, S. Yang21, S. Yano137, Z. Yin6, H. Yokoyama63, I.-K. Yoo17, J.H. Yoon61,

S. Yuan21, A. Yuncu104, V. Yurchenko2, V. Zaccolo24, A. Zaman14, C. Zampolli34,

H.J.C. Zanoli63, N. Zardoshti34, A. Zarochentsev113, P. Závada66, N. Zaviyalov109,

H. Zbroszczyk142, M. Zhalov98, S. Zhang40, X. Zhang6, Z. Zhang6, V. Zherebchevskii113,

D. Zhou6, Y. Zhou89, Z. Zhou21, J. Zhu6,107, Y. Zhu6, A. Zichichi10,26, G. Zinovjev2, N. Zurlo140

i Deceased
ii Italian National Agency for New Technologies, Energy and Sustainable Economic Development

(ENEA), Bologna, Italy
iii Dipartimento DET del Politecnico di Torino, Turin, Italy
iv M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear, Physics, Moscow,

Russia
v Department of Applied Physics, Aligarh Muslim University, Aligarh, India
vi Institute of Theoretical Physics, University of Wroclaw, Poland

1 A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan,

Armenia
2 Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev,

Ukraine
3 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science

(CAPSS), Kolkata, India
4 Budker Institute for Nuclear Physics, Novosibirsk, Russia
5 California Polytechnic State University, San Luis Obispo, California, United States
6 Central China Normal University, Wuhan, China
7 Centre de Calcul de l’IN2P3, Villeurbanne, Lyon, France
8 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
9 Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico

10 Centro Fermi - Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi’, Rome, Italy
11 Chicago State University, Chicago, Illinois, United States

– 30 –



J
H
E
P
0
9
(
2
0
2
0
)
1
6
0

12 China Institute of Atomic Energy, Beijing, China
13 Comenius University Bratislava, Faculty of Mathematics, Physics and Informatics, Bratislava,

Slovakia
14 COMSATS University Islamabad, Islamabad, Pakistan
15 Creighton University, Omaha, Nebraska, United States
16 Department of Physics, Aligarh Muslim University, Aligarh, India
17 Department of Physics, Pusan National University, Pusan, Republic of Korea
18 Department of Physics, Sejong University, Seoul, Republic of Korea
19 Department of Physics, University of California, Berkeley, California, United States
20 Department of Physics, University of Oslo, Oslo, Norway
21 Department of Physics and Technology, University of Bergen, Bergen, Norway
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33 Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
34 European Organization for Nuclear Research (CERN), Geneva, Switzerland
35 Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of

Split, Split, Croatia
36 Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen,

Norway
37 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague,

Prague, Czech Republic
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65 Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
66 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
67 Institute of Space Science (ISS), Bucharest, Romania
68 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
69 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
70 Instituto de F́ısica, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
71 Instituto de F́ısica, Universidad Nacional Autónoma de México, Mexico City, Mexico
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136 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France, Strasbourg, France
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